Recent advances in Sic technology have demonstrated that the material is a potentially useful semiconductor for high temperature and high frequency applications. However, unlike silicon and GaAs, Sic is chemically inert, thus limiting the amount of etchants that can be effectively used to pattern devices. In fact, no patterning technique has been reported to date for Sic which shows high selectivity between p-' and n-type material. In this letter, we will show how an n-type Sic epilayer can be patterned using photoelectrochemical etching, while a p-type substrate underneath acts as an etch stop. This process is useful for the fabrication of electromechanical transducers, mesa structures, and bipolar and CMOS devices in Sic.
Sic is an excellent material for high temperature and high frequency applications due to its unique properties.* However, SIC is very inert, making patterning devices a difficult problem. There are a number of molten metals and molten salts' that attack Sic, but these are impractical for device fabrication due to the high temperatures involved. Structures have been selectively etched in P-Sic using reactive ion etching (RIE) and photoelectrochemical techniques.24 However, to date, no patterning technique has been reported for Sic which shows high selectivity between p-and n-type material. Currently, Sic is being investigated for pressure sensor applications,5 which typically utilize conductivity selective etch stops to fabricate monolithic semiconductor diaphragm structures.6 Dopant selective etch stops are also useful in the fabrication processes of CMOS, bipolar, and other devices. In this letter, a photoelectrochemical etching technique is reported which removes n-type D-Sic at high etch rates but does not attack p-type P-Sic layers underneath. The selectivity demonstrated in this process is over 105.
It is well documented in the literature that the photoelectrochemical (PEC) etching of semiconductors depends on the carrier concentration and dopant type.7 More recently, several authors have demonstrated selective etching of multilayer III-V materials.8'9 However, photoelectrochemical etch stops have not been used extensively in fabricating devices and sensors. Rather, etch stops have been achieved more commonly by techniques such as anodic passivation and highly doped layers.6 However, PEC etching can offer significant advantages including reduced undercutting, light defined directional anisotropy, and the possibility of maskless processing. Furthermore, the other techniques are not applicable to Sic, due to its inert chemistry.
In a previous paper, the current authors characterized the photoelectrochemical etching of n-type D-Sic under ultraviolet (UV) illumination in HF solutions and analyzed the electrochemistry involved in the process.' Capacitance-voltage (C-V) curves measured in that study suggested that the flat-band voltage of n-type D-Sic in 2.5% HF(aq) is -0.55 V,, (see refers to the saturated calomel electrode used for reference). Since the flat-band voltage is fairly independent of frequency over the range 0.5-20 kHz, it is assumed that all of the potential drop takes place over the space charge layer of the semiconductor." The position of the semiconductor Fermi level with respect to the redox potential of the electrolyte and the position of the band edges at the surface with respect to the Fermi level will be the same for both n-and p-type materials. This positioning will lead to a very different band bending for the two conductivity types. This result is depicted in Fig. 1 , which shows the SiWelectrolyte interface of n-and p-type D-Sic in dilute HF for 0 V,,,. At this potential, the bands of n-Sic bend upward to the surface, while those of p-Sic extend downward. From the values of the flat-band voltage of n-Sic in solution, the band gap, and the position of the Fermi levels in n-and p-type material with respect to the band edges, it is possible to determine the degree of band bending of p-Sic in Fig. 1 (b) . Assuming EC-E/= 100 meV for n-Sic and ErE, meV for p-Sic, the band bending of p-Sic is z 1.5 V at V= 0 V,,, [e.g., Fig. 1 (b) ], which suggests that the flat-band voltage of p-Sic in this HF solution is =: 1.5 V,,,.
The difference in the surface band bending of n-and p-type Sic will affect the charge transport across the semiconductor/liquid junction. The electrochemical dissolution of Sic is known to take place through anodic oxidation,' requiring the presence of holes at the surface for catalyzed reactions to occur. These holes can be supplied from the bulk in p-type material, or they can be photogenerated by UV illumination in n-or p-type material. However, despite the source of carriers, the bands must be flat or bent upward to allow the holes to be collected at the surface. Thus, inp-type semiconductors, etching will occur at much higher potentials than in n-type material. Therefore, it should be possible to select a potential at which the n-type material can be photoelectrochemically etched while the underlying p-type layer can act as an etch stop.
In these experiments, single-crystal P-Sic p-n junctions were grown on silicon substrates as previously described" at the NASA Lewis Research Center. The p-type layer, which was 4 pm thick, was doped in situ *during growth using 180-ppm trimethylaluminum (TMA) . Afterwards, a l-,um n-type layer was grown on a portion of the samples with nitrogen (9 ppm) as the dopant gas. To form ohmic contacts on the samples, aluminum was then evaporated onto the front of the Sic and patterned into contact 'regions. For the n-on p-samples, the aluminum was deposited only on the n-type layer: Semiconductor electrodes were formed by encapsulating the-Sic samples in black wax, so that only the bare semiconductor surfaces were exposed. This SIC electrode was placed into a Teflon electrochemical cell, along with a Pt wire counterelectrode and a saturated calomel reference electrode. All voltages were measured with respect to this reference electrode. Dilute HF (2.5% in H,O) was used as the electrolyte in all of the experiments. The light source used for photoelectrochemical etching was a frequency doubled Ar + laser at 257 nm focused to a 2-3 pm spot. Trenches were etched by scanning the laser beam across the sample while applying an anodic potential. The dwell time of the laser was calculated by dividing the beam spot size by the scan speed. Scanning electron microscopy (SEM) was used to measure the depths of the etch features by viewing the ends of samples cleaved perpendicularly to the etched trenches. Etch rates are calculated by dividing the trench depth by the dwell '-1 (a) time. Note that at the intensities used here along with the small laser spot thermal heating in the focal region can be calculated to be < 1 'Cl2 Anodic 1--V (current-voltage) curves for bulk n-and p-type &Sic samples in 2.5% HF are shown in Fig. 2 . Below 1.4 V,,,, the current densities in p-Sic are below 10 pA/cm2, corresponding to a negligible etch rate of z 1 A/min assuming 8 equivalents/mole and 100% etch efficiency for the dissolution of Sic. Above this potential, the currents increase dramatically, and anodic dissolution takes place. For the n-type samples, the dark currents are below 4 PA/cm" at anodic potentials between O-4 V,,,, while above 0.5 V,,, photocurrents in the n-type films are as high as 30 A/cm2.
The 1-V curves are in general accord with the surface band-bending arrangement shown in Fig. 1 . Etching begins to occur in p-Sic near the estimated flat-band voltage [1.5 V,,, as shown in Fig. l(b) ] and in the n-type material under illumination at 0.5 V,,,, 1 V above the flat-band voltage. The significant band bending required for'n-type material to etch may be due to minority-carrier recombination in the space charge layer, which is expected to be important for wide band-gap semiconductors.'3 This recombination can cause a poor collection efficiency at low surface band bending. From the 1-V curves it is apparent that an n-type D-Sic epilayer can be removed from ap-type substrate at potentials between 0.5-1.4 V,,, with a selectivity of > 106.
The evolution of the etching through the n-type layer and the etch stopping at thep-type region is shown in Figs.  3(a)-3(c) .
These features were fabricated at similar laser intensities, but at different dwell or etch times. The samples were placed into the SEM without any sputtered metal films on them so that n-and p-type materials would appear to have different gray shades. In Fig. 3(a) the n-type region has been partially etched, and the trench formed is similar to those found in bulk etching of &Sic.' In Fig.  3 (b) the etch-stop layer is partly visible, while in Fig. 3 (c) the n-layer has been removed and etching has stopped completely at the p-type layer.
When ap-type etch-stop barrier is used, this results in small ( -500 k thick) patches of n-type material remain-(a) FIG. 3 . The evolution of the etching in a 3C-Sic p-n junction after (a) 1.6 s, the n-type layer has not been fully penetrated, (b) 2.7 s, the p-type is partly visible, and (c) 4.5 s, the n-type layer has been removed, exposing the stop layer. The line at the lower right-hand corner indicates 10 pm.
ing, as shown in Fig. 3 (c) . If electrical conduction between the Al contact and the semiconductor/electrolyte interface takes place only through the n-type region, then the formation of n-type patches may be due to electrical isolation of these patches from the contact. The sidewalls of the etched trenches are rough due to etching nonuniformities. However, the trench bottoms are significantly smoother due to the etch-stop barrier. The presence of a mask will significantly improve the quality of the sidewalls.
Note that our results do not confirm that the etch-stop barrier is the p-type region, but rather, the. etching may have stopped at a thin strip of n-type material in the depletion region of the p-n junction. Penetration of the semiconductor junction depletion region on the n-side can cause the energy bands at the semiconductor/liquid junction to flatten, possibly placing the potential below that necessary to etch. Both this n-type layer, if it exists, and the patches discussed earlier can be removed simply by a subsequent thermal oxidation step.
We have demonstrated that by using photoelectrochemistry, n-type P-Sic can be selectively etched at high etch rates while p-type D-Sic may be used as an etch-stop barrier. This process is unique, since conductivity selective etch stops are not currently possible in SIC by other means. Furthermore, our more recent results show that 6H-SiC can be etched rapidly using PEC etching. Therefore, similar photoelectrochemical etch-stop techniques can probably be applied to a range of different polytypes and heterostructures of SIC as well, allowing photoelectrochemical etch stops to be generally useful for the fabrication of advanced Sic microstructures and devices.
We would like to thank Tony Powell and Larry Matus of NASA Lewis for donating the &Sic. samples used in this study and for their useful comments. We express thanks to X. G. Zhang of Cominco Alloys for his insights into semiconductor electrochemistry, and to D. Goldstein of Kulite Semiconductor for his support. One of us (R.M.O. ) acknowledges DARPA/AFOSR support for a portion of the work described here.
